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> (57) Abstract: A ro.croelectmrric programmable structure and methods of forming and programming the stmctnre are disclosed 
Tl>e prograrrHnabk sUnc.nrc gcn^Dy include an ion conductor (HO) and 3 phmdity of erodes (] 60, J 20). BectrkaJ wopertics 
of the structure may be altered by applying a bias across .he electrodes, and thus information may be slored using the sfructnrT 
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IT, UJ, MC, NL, FT, Sft, fR), OA# jfcfcrt (BH BJ, CP, omnteir ^ ^ 

cg, a, cm, ga, gn, c»o, gw, ml, mr, nib, sn, m 

*Wh**K^* Far too- Utter codes and other abbreviations, rtfer to the *Guid- 

^ . flnce Not a on Coda ^Abbreviations' appearing at the betnn- 
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the present invention generally relates to microelectronic devices. More 
particularly, the invention relates to pmgrammaWe imc^Jec^tuc stoctures suitable for 
nse in integrated circuits. 

ftACKGR:OtJ>to OP TUfe MVSNTf ON 
Memory devices are often used in dectronic systems and computers to store 
information in the form These memory devices may be characterized into 

varidus types, each typo having associated with h various advantages and disadvantages. 

For example, random access memory ("RAM") which may be found in personal 
computers is typically volatile semiconductor memory; in other words, the stored data is lost 
15 if the power source is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
Volatile in that it must be 'Vefreshea" (/.*, recharged) every few inicroseconds in order to 
maMam tte stored data. Static RAM ("SHAM") will hold the data after one writing so long 
as the power source is maintained; once the power source is disconnected, however, the data 
is lost Thus, in these volatile memory configurations, information is only retained so long 
as the power to the system is not turned oft In general, these RAM devices can take up 
significant chip area and therefore may be expensive to inanufarture and consume relatively 
large amounts 6f energy for data storage. Aworoingry, improved memory devices suitable 
for use in personal computers and the l&e are desirable. 
Otl>erstor^ 

5 Snd magnetic tape) as well as other systems, such as optical disks, C^RW and CVtVRW 
are iadi^volatiie, have e^einery nigh capacity, and can be rewritten inany times. 
Onforhmatety, these memory devices are physically large, are sliockArtxr^^ 
require expensive mechanical drives, and may consume relatively large amounts of power; 
These negative aspects make such memory devices non^ideal for low power portable 

3 applications such as lap-top and palm-top computers, personal digital assistants ("PDAs"), 
andthelike. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 
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^coiidUctor memories h^^ Furthennofe, 
t^^ifi^jwift^lesyMt^.ofi^reqiiife data storage Whim tfe pttwer is trailed off iron- 
volatile stWage devios are desired for tee in such, systems. 

One tjpe of programmable sehticondoctor nonvolatile memory device suitable for 
tee in such systems is a programmable readonly memory ("PROM") device:-. One type of 
PROM, a write-once read-many ("WORM*) device, uses an array of fosible finks. Once 
programmed, the WORM device cannot be repTOgrammed. 

Othfer forms of PROM devices include erasable PROM ("EPROM") and electrically 
eiisable PROM (EEPROM) devices, which are alterable after an initial programming. 
EPROM devices gfcneraDy require an erase step involving exposure to nftra violet fight prior 
to progtanmmg the device. Thus, such devices are generally not well Suited for use in 
portable electronic devices. JJBfcOM devices are generally easier to program, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to inannfacttre, and are relatively large. Furthermore, a circuit mcloding 
EEPROM devices must withstand the high voltages necessary to program the device. 
Consequenfly, EEPROM cost per bit of memory capacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the powtf source connected, they require relatively large 
amounts ofpoWef to program This power drain can be considerable in a compact portable 
20 system powered by a battery. 

In view of the Various problems associated with conventional data storage devices 
describe above, a relatively non-volatile, programmable device which is relatively simple 
and inexpensive to produce is desired. Furthermore, this memory technology should meet 
the requirements of the new generation of portable computer devices by operating at a ■ 

25 ^ativeiy^ 

SUMMARY OF THR tNymfrrri^ 
The present invention provides improved microelectfomc devices for use in 
integrated circuits. More particularly, the invention provides relatively non-volatile, 
30 programmable devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses Various drawbacks of now-known 
programmable devices are discussed in greater detail below. However, in general, the 
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, • iuventka provides vfto&amtiibk **k* m x mexptasiW to 

manufaiiteei and wii ch is relatively easy to program. 

M accordance with one exemplary embodiment of the ptesent mventiori, a 
proigrananaWesJrbc^mcJi^ Thestrnctoe 
5 *^l^^chtnatwhenabiasisap^^ 

properties of tl» structure change. In accordance with one aspect of this embodiment, a 
resistance across the structure changes when a bias is applied across the electrodes. In 
accordance with other aspects of this embodiment, a capacitance or other electrical properly 
of the structure changes upon application of a bias across the electrodes. One or more of 
10 these electrical changes may suitably be detected. Thus, stored Mamation may be retrieved 
from a circuit including the structure. 

In accordance with another exemplary embodiment of the invention, a programmable 
structure includes an ion conductor, at least two electrodes, and a battier interposed between 
at least a portion of one of the deefr^^ m accordance with one 

iS aspect of this embodiment the barrier material includes a material configured to reduce 
drflnsion of ions between the ion conductor and at feast one electrode. The dffibsion barrier 
may also serve to prevent undesired electrodeposit growth within a portion of the structure 
In accordance with another aspect, the barrier materia] includes an instating material 
Inclusion of an insulating material increases the Voltage required to reduce the resistance of 
20 the device. In accordance with yet another aspect of this embodiment, the barrier includes 
material that conducts ions, but which is relatively resistant to the conduction of electrons. 
Use of such material may reduce ondesired plating at an dectrode and mciese the thermal 
stability of thfe device. 

ma^tdanee wim Mother exemplary e^ 
• ^ ona surfaces of a substrate by foimnig a first dectrode on 

the Substrate, depositing a layer of ion conductor material over the first electrode, and 
depositing conductive material onto the ion conductor material. In accordance with one 
aspect of this embodiment, a solid solution including the ion conductor and excess 
conductive material is formed by dissolving (e.g., via thermal and/or photodissohition) a 
30 potion of the conductive material in the ion conductor. In accordance with a further aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains on a surface of the ion conductor to form an electrode on a surface of the 
ion conductor material. 
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a programmable sfaucture is foimed within a through-hole or via iit an insulating material 
In acoordanc* With one aspect of this embodiment, a first electrode feature is formed on a 
surfec* of a substrain insulating material is deposited onto a surface of the dectrodefeature, 
a -via is formed Within the insulating material, and a portion of the j*rogrammable Structure is 
foimed Witl»mtbe via. After the via is formed within the insulating material, a portioii of the 
structure within the via is formed by depositing an ion conductive material onto the 
conductive materia* depositing a second electrode material onto the ion conductive material, 
and, if desired, removing any excess electrode, ion conductor, and/or insulating material h, 
accordance with another aspect of this embodiment, only the ion conductor is formed vrithm 
the via In this case, a first electrode is formed below the insulating material an in contact 
With the ion cnrfductor. and the second electrode is formed above the insulating material and 
in tontart vriththeion conductor. The configuration of the via may be changed to alter (e.g, 
reduce) a contact area between one or more of the electrodes and the ion conductor. 
15 Reducing the cross-seetional area of the interface between the ion conductor and the 
electrode mcreasfes the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance wnh yet auother aspect of this embodiment, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
may be dhectionalry deposited into only a portion of the via to further reduce an interface 
between an electrode and the ion conductor. 

In accordance with another embodiment of the invention, a programmable device 
may be formed on a surfaco of a sobstfae. 

. In a^daritewith a further e*empkry enAodmient of the invention, multiple bits of 
MWmation jse stored in a Reprogrammable itaetai in accordance with one aspect of 
this embodiment, a programmable structure includes a floating electrode interposed between 
two addnfofcal electrodes. 

In accordance with yet another embodiment of the invention, nroltipie progmmmable 
devices are coupled together using a common electrode (e.g, a common anode or a common 
cathode). 

In accordance wnh yet another embodiment of the invention, multiple programmable 
devices share a common electrode. , 
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In accordance with yet a further exemplary embodiment of thfe present hmntfen, a 
cepacit&ce of a programmable structure is altered by causing ions within air fen conductor 
of the structure t6 migrate. 

5 BMEPDESCRTPtlON OlTTHRnitA^fftQ 

A more complete understanding of the present invention may be derived by referring 
to the detailed description and claims, considered in connection with the figures, wherein 
like reference rmmbers refer to similar elements throughout the figures, and: 

Figure 1 is a cross-sectional illustration of a programmable structure formed on a 
10 stirface of a Substrate in accordance with the present invention; 

Kgure 2 is a cross-sectional illustration of a programmable suiictiire m accordance 
with an ahernative embodiment Of the present invention; 

Kgure 3 is a cunent-Voftnge diagram illustrating current and voltage characteristics 
of the device illustrated in Figure 2 in fin "on" and "off' state; 

Figure 4 is a cross-sectional illustration of a programmable structure in accordance 
with ye* aiiothef embodiment of the present invention; 

Figure 5 is a schematic illustration of a portion of a memory device in accordance 
with an exemplary embodiment of the present invention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
with an alternative embodiment of the present invention; 

Figures 7 and 8 are a cross-sectional illustrations of a programmable structure having 
an ion conductor/electrode contact interface formed about a perimeter of the fen conductor in 
accordance with another embodiment of the present invention; 

Figures 9 and 10 are a cross-sectional illustrations of a programmable stnlcture 
havfeg an fen conductOr/eJectrode contact interface formed about a perimeter of the ion 
cbntK^ anfo,^ fcmbwuW ofthe present mVenfion; 

Fibres 11 arid 12 illustrate aproghuninable device hairing a horizontal configuration 
in accordance with the present invention; 

Figures 13-19 illustrate programmable device structures with reduced electrodefen 
conductor interface surface area in accordance whh the present invention; 

Figure 20. illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 



5 



WO0i&l542 

tfgorts 21-24 illustrate a prognnnmable device induding a floating dectrbde m 
accordance with the present invention; and 

Figures 25-29 illustrate common electrode programmable device structures in 
accordance iwith the present invention. 

Skilled artisans will appreciate that dements in the figures are illustrated for 
siitiph'tity and clarity and have not necessarily been drawn to scale. For fenmpK the 
dinreirions of some of the elements in the figures may be exaggerated relative to other 
elements to help to improve understanding of embodhneots of the present invention 
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PBTA1LBD mSSmmm ^ ^^HMPI ,AR Y BMftfynrMmp-c 
The present invention generally relates to microelectronic devices. More 
particularly, the invention relates to programmable stiuctutes or devices suitable for various 
integrated drduit applications. 

figures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
forihbd on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
***** itoVQiti6lL Slrabtees 100 200 include electrodes 120 and 130, an ion conductor 
140, and optionally include buffer or barrier layers 155 and/or 255. 

Generally, Structures 100 and 200 are configured such that when a bias greater than a 
threshold voltage (V T ), discussed in more detail below, is applied across electrodes 120 and 
20 130, the electrical properties of structure 100 change. For example, in accordance With one 
embodiment of the invention, as a voltage V * V T is applied across electrodes 120 and 130, 
inductive ions Within ion conductor 140 begin to migrate and form an eledrodepdsit (e.g., 
elecfrodejJosit 160) at or near the more negative of electrodes 120 and 130; such sm 
efectrodeposn,. however, is not required to practice the present inventioiL The term 
f 5 ^f^P^ « tWed Mem means any area within the ion conductor that has an 
: mttensed cbnfentiltioh of reduced metal or other conductive material compared to the 
cuntenttation of such material in the bulk ion conductor material As the electrodeposh 
forms, the resistance between electrodes 120 and 130 decreases, and other dectrical 
propertiesnray also change. Inthe absence of any insofating batriers, which are discussed in 
30 more detail below, the threshold voltage rcmired to grow the dectrodeposit from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately the redox potential of the system, typic^y a few hmdred nuflivolts. If the 
same voltage is applied in reverse, the dectrodeposit will dissolve back into the ion 
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coirdiictor and the device will retail to a high resistance state. In accordance with other 
embo^enls of the invention, application of all electric field between electrodes 120 and 
130 may cause ions, dissolved wfthin conductor 140 to migrate and thus cause a change in 
the electrical properties of device 100, without the formation of an eiectrodeposit Structures 
Ifoana^OOjnaybeTJsedtosto^ p 0I 
example, structure 100 or other programmable structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, FROM, 
fiPROH or EEPROM devices. In addition, programmable structures of the present 
invention may be used for dther appHcations where progranirning or changing of electrical 
properties of a portion of an electrical circuit are desned. 

Substrate 1 10 may include any suitable material For example, substrate 1 10 inay 
irichrie seinjcondiicUve, coriuuctrve, seinimsulative, insulative material, or any combination 
of such materials. In accordance with one embodiment of the invention, substrate 110 
kcludes an insulating material 112 and a portion 114 including microelectronic devices 
forined on a semiconductor substrate. Layers 1 12 and 1 14 may be separated by additional 
layers (not shown) such as, for example, layers typically used to form integrated circuits. 
Because tte prograrnmable structures can be formed over insulating or other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g., semiconductor material) space is a premium 

Electrodes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130 may be formed of doped polysilicon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal that dissolves in ion conductor 140 
^neri a sufficient bias (V £ Vt) is applied across the electrodes (oxidizable dectrode) and 
3fib othejf electrode is relatively inert and does not dbsorve during operation of the 
pro^ammabie device (an ^different electrode). For example, electrode 120 may be an 
abode during a write process and be comprised of a material mchiding silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
silicides, and the like. Having at least one electrode formed of a material including a metal 
which dissolves in ion conductor 140 facilitates mamtaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
eiectrodeposit 160 formation within ion conductor 140 or other electrical property change 
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r diiritog use of sniifture l6o and/or 200. Purttemdie, use of an inert material for the other 
elective (cSatBbde during a write operation) facilitates dectrodissolution of any 
•fk&xejfy&SS that may have formed and/or return of the programmable device to an erased 
"state ate appKcatidn of a sufficient voltage; 

Ttotiiig an erase operation, dissolution of any electrodeposit that may have formed 
;;:i0^^;}^s at or near ihe oxidiiable electrode/eJectrodeposit interface. Initial 
dis^ at the pxidizable electxbde/decD^eposrt iirterfcce may be 

ffcMated by fonning stracture 100 such that me resistance of the at the oxidizabJe 
el«*6de/dec^ei)6sit interface is greater than the resistance at any other point along the 
electrcdeppsH, particularly, ihe irrterface between the electrodeposit and the mdifferent 
electrode. 

bag way to acJaeVe ^ 
ele&^ Use of such material 

recces foim^on of o^o^s at the intarface. between ion conductor 140 and the mdifferent 
15: electrode as well as the formation of compounds or mixtures of the electrode material and 
ion coiuroctor 140 material, which typically have a higher resistance than ion conductor 140 
or the deetrbde material. 

Relatively low resistance at the ^different electrode may also be obtained by 
fojraihg a oarrier layer between the otfdizable electrode (anode pairing a write operationX 
wherein the barrier layer is formed of material having a relatively high resistance. 
Mfcmplary high reastance materials include layers (e.g., layer 155 and/or layer 255) of ion 
cohuSiciing hiateiial (e. g ;, AgA Ag^S, Ag^Se, Ag.Te, where x > 2, A gy t, where x > 1, 
; • s Col* (toO, CuS, CoSe, Cute, GeO^ or SiOz) interposed between ion conductor 140 and a 
': J ^ aS'«&ver- Some of toese materials have additional benefits as discussed in 

^^able gtitik and dissolution of an electrodeposit can also be facilitated by 
prBvflin^ a rbeghened mdrtTerent electrode surface (e.g., a root mean square roughness of 
. . ^fef than about 1 nin) at the electrode^on conductor interface. The roughened surface 
may be formed by mampulating film deposition parameters and/or by etching a portion of 
*0 one of the electrode of ion conductor surfaces. During a write operation, relatively high 
electrical fields form about the spikes or peaks of the roughened surface, and thus the 
electrodeposits are more likely to form about the spikes or peaks. As a result, .more reliable 
and uniform changes in electrical properties for an applied voltage across electrodes 120 and 



13b ma> tfe obtained by providing a roughed mterlace between the indifferent dectrode 
(cathode d&mg a write operation) and ion condocior 140. 

OxtdkaMe ^ electrode material may have a tendency to thermally dissolve or dirrose 
into ion conductor 140; particularly during fabrication and/or operatic* of structure 100. 

: thus reoVce the' cliange of an electrical property during use of structure 100. 
T6reb\jceundesired dil^ 
'/M'iA-Biaa^^-m^ embodiment of the invention, the oxidizable electrode 
. infcJiicSi a.;n^ n^cateed in a transition metal sulfide or selenide material such as 
la Aj^Mfij)^ ^vhere A is Ag or Cu, B is S or Se, M is a transition metal such as Ta, V, and H, 
and x raiiges from about 0.1 to about 0.7. The intercalated material mitigates undesfred 
termal diffijsfcm of the metal (Ag or Cu) into the ion conductor material, while allowing the 
metal to participate in the eiectrodeposh growth upon apphcaUon of a sufficient voltage 
^ across ele 

B: Ta^ film dan include up to about 66.8 atomic percent silver. The Ax^),., material is 
preferably ainor^hous to prevent to prevent undesired diffusion of the metal though the 
material. The amorphous material may be formed by, for example, physical vapor 
deposition of a target material comprising A*(MB2)j_ x ; 

a-Agj is another suitable material for the oxidizable electrode, as well as the 

26 : hrdh%rent electrode. Similar to the AkfrlBj),., material discussed above, a-Agl can serve 
as/a source of Ag A&ng operation of structure 100-e.g., upon application of a sufficient 
bias, but the silver inthe Agl material does not readily thermally diffese into ion conductor 
140. Aj^ha^a relauvelyldwactrva^ 

tenure doping to achieve relatively high conductivity, men the oxidizable electrode is 
. 2& ^Itati^^fi^i^ of silver in the Agl layer ifiay Srise Airing operation of structure 
166, unle^ exce^s sirver & prbvided to the electrode. One way to provide the excess silver 
is to form a silver layer adjacent the Agl layer as discussed above when Agl is used as a 
buffer layer, the f& layer (e;g., layer 155 and/or 255) reduces thermal diffusion of Ag into 
io^conductor 140, but doesnot significantly affect conduction of Ag during operation of 
30 structure 100. In addition, use of Agl increases the operational efficiency of structure 100 
, ' because the Agl mitigates non-Faradaic conduction (conduction of electrons that do not 
participate in the dectrochemical reaction). 
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, Oli& mateiials suitable for buffer layers 155 and/or 255 include GeO, and SiO* 
. -Ain^iS&s GtOt is rtlativfeiy pwons an will "soak up" silver during operation of device 
"-I; rMard the thennal diffusion of silver to ion conductor 140,. compared to 

• structure* or devices that do not include a buffer layer. When ion conductor 140 includes 
5 geanjanhnh, GeOj may be formed by exposing ion conductor 140 to an oxidizing 
mtdSmi at a temperature of about 300 °C to about 800 °C or by exposing ion conductor 
. 140 to an oxidizing environment in the presence of radiation having an energy greater than 
. the band gap of the ion conductor material. The GeO, may also be deposited using physical 
vapor deposition (60m a GeO, target) Or chemical vapor deposition (from GeH, and an Q,). 
16 Buffer layers can also be used to increase a "write voltage* by placing the buffer 

layer (e.g., GeOi or SiOx) between iph conductor 140 and the indifferent electrode. The 
buffed material allows metal such as silver to diffuse though the buffer and take part in the 
..electro^emifeal reaction. 

In accordance with one embodiment of the inventmn, at least one electrode 120 and 
f5 130 is formed Of material suitable for use as an interconnect metal. For example, electrode 
130jtoyfc«iJartdfanimttcOnneclsu^ k 
accordance with onfe aspect of this embodiment, electrode 130 is formed of a material that is 
SubstantiaTly insoluble hi material comprising ion conductor 140. Exemplary materials 
••: suitable for both interconnect and electrode 130 material include metals and compounds 
6 such a* tun&aeh, nickel; molybdenum, platinum, metal siliddes, and the like. 

Layers 155 and/or 255 may also include a material that restricts migration of ions 
between conductor 140 and the electrodes. In accordance with exemplary embodiments of 
. the invention, a battier layer includes conducting material such as tnahrom nitride^ titanium 
\ ; nmgs^ a combination mSeof, Or the like. The barrier may be electrically mdifferent, £&, 
^:^^^'^ t '^.^.--f tlt6 ^ tt*«jiigh structure 100 or 200, but it does not itself 
yc^hniltote ions to conduction tirOugh structure 200. An electricaily nHUffehSnt barrier may 
• fdduee widened dendrite growth during operation of the programmable device, and thus 
may facilitate an ««*?• or dissolution of elecUodep0sHl60>when a bias is applied which is 
opposite to that used to grow the dectfodeposh. In addition, use of a conducting barrier 
) ^owsfortbV'mdiffef^ 

ptevents diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufildent voltage. Suitable materials for ion conductor 140 include glasses and 
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iemic^^ In one exemplary embodmient of the toventio* ion conductor 140 

: Ion conoVctor 140 may also suitably include dissolved conductive material. For 
6camp)$ km tofttottb* 140 may comprise a solid solution that includes dissolved metals 
S tid/ot metal ibfcs> In accordance with one exemplary embwliment of the invention, 

; ^tf^ch^ 

ifiemife a * sohitidri of A%S,^A& GcSe^Ag, GeA^-Ag* AtferC^ GeJSe^C*, 
yti^fcr^iiliert x ranges from about 0.1 to about 0.5 other chalcogenide materials 
i0 including afoer, Copper, zinc, combinations of these materials, and the like. In addition, 
condnttor i40 may include network modifiers that affects mobility of ions through 
inductor 140. For exa^le, mat^^ 

hydfogen may be added to conductor 140 to enhance ion mobility and thus increase 
: erase/write speeds of the sijiictrtre. 
15 A solid sototion Suitable for use as ion conductor 140 may be formed in a variety of 

ways. For exaniple, - the^scfid solution may be forme* by depositing a layer of conductive 
ihaterial such as rifetal over ari ion conductive material such as chalcogenide glass and 
exposing tie In accordance 

with one exemplary embodiment of the invention, a solid solution of AsjSj-Ag is formed by 
debiting AS2S3 onto a substrate, depositing a thin film of Ag onto the AsjSj,, arid exposing 
thefflfnsta^ 

wavelength of less ^th^aboW500r^ometcrs. Ifdesired, network modifiers may be added 
to condncto 140 during depc^on of conductor 140 the modifier is in the deposited 
Material cfr present during conductor 140 material deposition) or after conductor 140 material 
;2£ v . is defied (e.g r by expoSmg coriduddr 140 io an tfmospneVe metodmg the network 

'.-^'.'ni^erX-- . •.:/ /■ •. 

In acmdance with another efnbcimment of the invention, a solid solution may be 
fornfed by debiting one of the constitoents onto a substrate ot another material layer and 
reacting the first coristhuent with a.second constituent . For example, germanium (preferably 
amorphous) may be deposited onto a portion of a substrate and the germanium may be 
reacted with H*Se to form a Ge-Se glass. Similarly, As can be deposited and reacted with 
the IfcSe gas, or arsenic or germanium can be deposited and reacted with B 2 S gas. Silver or 
other metal can then be added to the glass as described above. 
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^ actc*dance%ith one aspect of this embbdmeirt, a'st^dto^ 
;i*form^bydepOs^ 

lite metal can bStnss^foed within the ion coj&doctor material tod a poriirin of the metal 
remans on a smftce of the ion conductor to form an electrode electrode 120). in 
5 accordance with ahairative embodiments of the invention, solid solutions contaMrig 

^ . 

... 6vfeI^tteibncxsSrocti». 

An amount of" conductive material such as metal dissolved in an ion conducting 
material such as cnalcogeaide may d^ehd c« several factfara sudi as an anKwnt of metal 

l6 available for dissolution and an amount of enesgy applied during the dissolution process. 
However, when a suffident amount of metal and energy are available for dissolution in 
cfcalcogenide rbafetial .ttsing photodissolution, the dissolution process is thought to be self 
Kfiaitirig, substantially hsKing when the me^ cations haVe b^ redOirf to their lowest 
oxidation state: kite case of AsjSy-Ag, this occurs at Ag 4 As 2 S 3 = 2AgjS + AsjS, having a 

15 silver conception Of about 44 atomic percent If, on the other hand, the metal is dissolved 
in the chalcogetide material using thermal dissolution, a higher atomic percentage of metal 
in the solid solution may be obtained, provided a suflideht amount of metal is available for 
dissolution 

In accordance with a further embodiment of the invention, the solid solution is 
.20 formed by photodissehnion to form a macrbhomogeneous ternary compound and additional 
metal is added to the solution using thermal diffusion (e.g., in an inert environment at a 
temperature of about 85 *C to about 150 °C) to form a solid solution combining, for 
-example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
eoikluctbrs having a jfoetal coiHamtration above the photoifissblotiph solubility level 
25 ".'firiltttte* formation 0? iAt&ted^ms that are te^-j^tt/^&iig teanperatores 
(typically about 85 ^ to about 150 °t) of devices 106 and 200. AHematively, the solid 
solution may be formed by the^y dissolving the metal into the ion conductor at the 
teuiperatme noted abov^ 

are thought to be less homogeneous than films having similar inetal concentrations formed 
30 airing photodissolution and thermal dissolution. 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
conducting imrnisdble silicon oxide and/or silicon nitride, having a cross-sectional 
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d^Moh of less than about 1 nm, which do M contaisrte' to the growth of an 
•ejertrtdej^ In this case, the ^material is present in the ioii conductor at a volume 
• / p&t»it of wp to about 5 pttcent to reduce a fikfcffliood that an dettrddejwsit will= 
Sp^mWWsly dissolve Mo the supporting ternary material ta the device is exposed to 
•5 . . erevkted tempetatore, trfrich leads to more stable device operation without compromising the 
p^ormance of the device. Jon conductor 140 may also include fillef material to reduce an 
; effective cross-sectional area of the ion conductor. In this case, the concerrtrttion of the 
fitter material, which may he the same filler material described above but having a croSs- 
,. sfectiona, »»me»sk)n rtp to about 50 nm, is preseatt in the ion conductor material at a 
JO cfflfcemration of up to about 50 percent by volume, the filler material may also include 
m ^^assirvero^ 

fa accordant ^oikct 
includes a germamim^selemde glass with silver diflused in the glass. Germanium selemde 
rnaterials are typically formed frm selemum ami Ge<^ 
15 variety of ways. In a Stench region, Ge is *foJd coordinated and Se is 2-fold coordmated, 
which means that a glass imposition near Ge^Se,.* will have a mean coordination 
number of about 24. Glass whh this cooiditetion number is considered by constraint 
counting theory to be optimally constrained and hence very stable with respect to 

- devitrification. The network in such a glass is known to self-organize and become stress- 
20 free, making it easy for any additive, *g-> Silver, to finely disperse and form a mked-glass 

solid solution. Accordingly, in accordance whh one einbodiment of the invention, ion 
conductor 140 includes a glass having a composition of Ge^SeO-to to Ge^Se^ 

The composition and structure of ion conductor 140 material often depends on the 
I storting or target material used to form the conductor. Generally, ft is desired to foim a 
f 'l! 1 !**?^-**^. **"■.**■ 140 to ikaBtale reliable and repeatable device : 

.j^ofmahce. In accordance whh one embbdimem of the mv^ntio^ ;■« target for physical' 
vapor deptehidn of material suitable for ion conducto* 140 is formed by selecting a proper 
ampoule, preparing the ampoule, nauntainmg proper tenperamres during formation of the 
glass, slow rocking the composition, and quenching the compositioa 

Volume and wall thickness are Important factors for consideration in selecting an 
ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilitate heat exchange during the formation process. In accordance whh exemplary 
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Vf ^^adfa^^ibeii^eMkH quamaH$>6uleswith a wall i tfc&bais of about 1 mm are used 
•lb form Se.aid Te based cJialcogoride glasses, wherea* quarto ampoules wth a waU 
tWcbiess of akwt i.5 ram are ^ 

the volume of the ampoule is preferably selected such that the vohime of thfe ampoule is 
5 about five tiiws gi&tertl^ die liquid glass preds^r material 

Once the ampoule is selected, the ampoule is prepared for glass formation, in 
atcbtdaBce with one fcnbodiment of the tovemion, by clfeaning the ampoule with 
hydrofluoric acid, ethanol and acetone, drying the ampoule for at least 24 hours at about 120 
. °C, evaluating "the ampoule and hearing the ampoule until the ampoule turns a cherry red 
10 color and cooling the ampoule under vacuum, filling ampoule with charge and evacuating 
the ampoule, heating the ampoule while avoiding melting of the constitu ents to desorb any 
fetniujiing oxygen, and sealing the ampoule. This prbeess reduces otygen contanunation, 
which in tttrii promotes mxKk)k»inogerteous growm of the glass. 

The melting temperature Of the glass formation process depends on the glass 
1$ material. In the case of germ.uWbased glasses, sufficient time for the chalcogen to react 
at low temperatufe wilh all available geranium is desired to avoid explosion at subsequent 
elevated temperatures (the vapor pressure of Se at 920 »C is 10 ATM. and 20 ATM for S at 
.^0*€). To reduce the risk of explosion, the glass forrdation process begiiis by rainping the 
ampoule temperature to about 300 °C for selenium-based glasses (about 200 °C for suMur- 
20 based glasses) over the period of about an hour and niaintainmg this temperature for about 
12 hours. Next, the temperature is elevated slowly (about 0.5 »CVmm) up to a temperature 
about 50 °CWgh*umtl* hqoito and the ampoule remains at 

. . . about this temperature for about 12 bound Tneteffip^taeismen dev^ 
. ; . ' to entire melting of all nmvreaeted gatoanhim for Si-based glasses or about 700 °C for S- 

f " 

theiaelted glass coniposhion is preferably slow rocked at a rate of about 20/minofe 
at lSist about six hours to increase the homogeneity of the glass. 

Q»^ltog is prefer^ 
liquid are in an equUibrium to produce vilification of the desired composition. In this case, 
the queachmg temperature is about 50 "C over the liquidus temperature of the glass material 
Chalcogenid^rich glasses include a range of concentrations in wMch under-consunmed and 
over-constrained glasses exist. In cases where the glass composition coordinated number is 
far from the optimal coordination (e g, cwrdination numbers of about 2.4 for GoSe 
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systems) the ^d^hing jrate has to be last erktogh in order to ensure vitrification, 
quenching m ice-water or an even stronger coolant such as a mixture of urea arid ice-water. 
Iri the of ojptbflaJ^ 
; °t 

5 In acc^tda^ with oiie exemplary 

siructure lOt) is ionised within a via of an ihsnlathlg nfcaterial 150. Forming a portion of 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such formation allows relatively small structure on the order of i0 
nanometers, to be formed In addition, insulating material 150 facilitates isolating various 
: 10 structures 100 from other electrical components, 
InsuJatmg material 1^^ 
electrons and/or ions from structure 100. In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynitride, polymeric materials such 
as poryimide or parylene, or any combination thereof 
15 A contact 165 may suitably be electrically coupled to one or more dectrodes 120,130 

to facilitate forming electrical contact to the respective dectrode. Contact 165 may be 
formed of aiiy conductive material and is preferably formed of a metal such as ahimimim, 
atomirium alltjys, tungsten, or copper. 

li accordance with One embodiment of the invention, structure 100 is formed by 
20 forming electrode 130 On substrate 110. Bectrode i30 may be formed using any suitable 
method such as, ror example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material Onto electrode 130 and substrate 110 and 
forming vias in the instating material using appropriate patterning arid etching processes. 
V; z 2 ^ * Dn ttafofctaf 1 4a and electrode i20 may then be formed whlrin instating layer 150 by 
debating iflh cOridoctbr 140 niaterial anil electrode 120 material wiuSin the via. Such ion 
conductor and electrode material deposition may be selective - /.if., the material is 
substantially deposited Only within the via, or the deposition proissses may- be relatively 
nonselective. If ojae or more non-selective deposition methods are used, any excess 
30 material remaining oil a surface of insulating layer 150 may be removed using, for example, 
chemical mechanical polishing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 
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JnTogmiatiojD niky be stored bsrng jm>@rammable stroctores of the pireseU iHvemkm 
m^j^atmgoneorm^^^ p OT example, aresistanceof 

a sbttcteeniay be ctoged 

operation. Similarly, foe device may be changed from a "1* state to a "CT state daring an 
5 erase operation. In adoption, as discussed in more detail below, the structure may have 
multiple programmable states such that inuhiple bits of mformation are stored in a single 
structure. 

1 0 figure 3 iltostarfes current-'VOHa^e characteristics of a pmgrammable structure (eg; 

s^cture 200) in accordance vvith the present mvfcntioa In the illustrated embomment, via 
diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed of 
GeaSerAg (near AssG^SojX electrode 130 is mdifferent and formed of nickel, electrode 
120 is formed of silver, and barrier 255 is a native nickel oxide. As illustrated in Figure 3, 

15 current through structure 200 in an off state (curve 310) begins to rise upon application of a 
bias of over about one volt; hov/ever, 6nce a write step has been performed (£*, an 
electrodeposit has formed), the resistance through conductor 140 drops significantly (ie., to 
about 200 ohms>, illustrated by curve 320 in Figure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 

20 decuxtieposit beghis to form near electrode 130 and grov/ toward electrode 120; An 
effective threshold voltage (ne., voltage required to cause growth of the electrodeposit and to 
break through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
because of barrier 255. In particular, a voltage Y^V T must be applied to structure 200 

; ' suffidfeut to cause electrons to tunnel through barrier 255 (when barrier 255 cbinprises an 

5 ^ bar Her (a£fc by tumeimg 

In accordance vrith alternate embodiments of the invention, where no insolating 
battier kyer is pfe^t, an mm 

insulauve barrier is formed between, for example, ion conductor 140 and either of the 
electrodes 120, 130. 
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pJbad operation 

A state of the device (e.£, 1 ot 0) may be read, without significantly dlsttibing the 
state, fey, for Sample, appiying a forward Or reverse bias of magnitude less than a voltage 
tifcshold (about 1.4 V for a structure ilhwirated in Kgnre 3) for electrodeposhion or by 
using a current limit which is less than or equal to the minimum progronining current (the 
current which will produce the highest of me on resistance fames* A current limited (to 
about 1 milliamp) read operation is shown in Figure 3. In this case, the voltage is swept 
ft em 0 to about 2 V and tte cmi^ 

low rteristancte (ohmic/Imear cUfttttt-voltage) "on" state Another way of performing a non- 
dismrb read operation is to apply a pulse,- with a relatively short duration, which may have a 
Voltage higher than the decu^chemical deposition threshold Voltage such that no appreciable 
Parage ciirrea flows, nearly all tte 
not into the electrodeposhion process. 

15 ERASE OPERATION 

A programmable structure {eg:, stocture 200) may soitabfy ^ 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold voltage for electrodeposnion in the reverse direction In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 
20 (V:> Vr) is applied to structure 200 for a period Of tiine which depends on the strength of the 
initial connection but is typically less than about 1 millisecond to return stlUcture 200 to its 
"off state having a resistance well in excess of a million ohms. In cases where the 
programmable strocture does not include a barrier between conductor 140 and electrode 120, 
a threshold voltage for erasing the structure is much lower than a threshold voltage for 
yritfflg ihe SuSicnire tecabse, unlike ffie write opfaftmon, the era* operation does hot require 
electron tumteh^gth^ ' ' "• 
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CONTROL OF OPERATIONAL PARAMETERS 

The conceifration of conductive material in the ion conductor can be controlled by 
> applying a bias across the programmable device For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(fiom one of the electrodes) by applying a bias in excess of the oxidation potential of the 
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denial ftius* for example, if the conductive material cdnc^ifraiiotf is above that desned 
for a partibiaf device UpplicMon, the cdiicefifratiwi can tereduced 6y reverse biasing the 
device id reduce the c^nceiitooji of the conductive materiaL Smilarly, metal may be 
added to the solution from the oxidizable electrode by applying a srrffident forward bias. 
Additionally, it is possible to remove excess metal build up at the indifferent electrode by 
applying a reverse bias for an extended time or an extended bids over that required to erase 
the device tinder normal operating conditions. Control of the conductive material may be 
accomplished Automatically using a suitable microprocessor. 

TTus technique may also be wfcd to form one of the electrodes from materiai within 
the ion conductor maierial. For example, silver from the ion conductor may be plated out to 
form the oxidizable electrode. This allows the oxidizable electrode to be formed after the 
device is fully formed arid thus mitigates problems associated with conductive materiai 
diffusing from the Oxidizable electrode during rnariufactormg of the device. 

As noted above, in accordance with yet another embodiment of the invention, 
rxmhipl e bits of data may be stored Xvithin a single programmable structure by controlling ari 
amount of etectrodeposit which is formed p\iring a write process. An amount of 
electrodepOsit that forms oming a Write process depends on a number of coulombs or charge 
Supplied to the structure during the write process;, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Equation 1, where is the "on* state resistance, V T is the threshold voltage for 
electrodeposition , and in/is the maximum current allowed to flow daring the write 
operation. 

Equation 1 

In practice, the limitation to the amount of information stored in each cell will 
idepend on how stable each of tie reasfabce states is with time. For example, if a structure is 
with a programmed resistance range of about 3.5 Ul and a resistance drift over a specified 
time for each state is about ±250 about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
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zero drift in resistance in a specified time limit, information could be stored as a conrmuurn 
of states, i.e., in analog form. 

. A portion of an integrated circuit 402, including a programmable structure 400, 
CbjOifigured to provide additional isolation from electronic components is illustrated in Figure 
4. In accordance with ah exemplary embodiment of the present invention, structure 400 
/includes electrodes 420 attd 430, an ion eonmjctor 440, a contact 460, and an amorphous 
silicon diode 470, such as a Schottky or p-n junction diode, formed between contact 460 and 
electrode 420. Rows and columns of programmable structures 400 n^y be fabricated into a 
high density configuration to provide extremely large storage densities suitable for memory 
circuits. In general, the maxinlum storage density of memory devices is limited by the size 
ahd complexity of the column and row decoder circuitry. However, a prbgrammable 
structure storage stock can be suitably fabricated overlying an integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
nianagement circuitry (not shown) since structure 400 need not use any substrate real estate. 
In this manner, storage densities of many gigabits per square centimeter can be attained 
using prbgrammable structures of the present invention. Utilized in this manner, the 
programmable structure is essentially an additive technology that adds capability and 
functionality to existing semiconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device including structure 
400 having an isolating p~n junction 470 at an intersection of a bit line 510 and a word line 
520 of a memory circuit Figure 6 illustrates an alternative isolation scheme employing a 
transistor 610 interposed between an deetrode and a contact of a proj^ammable structure 
located at an intersection of a bit line 610 and a word line 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 
embodkoeirt of the mventioit The devices ilmstrated in Figures 7-10 have an electrode (e.g., 
tie cathode oHinng a write process) with a stfialler cross sectional area in contact whtf the ion. 
conductor compared to the devices illustrated in Figures 1-2 and 4. the smaller electrode 
interface area is thought to increase the efficiency and endurance of the device because an 
increased percentage of ions in the solid solution are able to take part in the electrodeposit 
formation process. Thus any cathode plating from ions that do hot participate in the 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizabie electrode 
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^> ^ fr fa c6idastox 730 former oviriying an insulating layer 740 such as silicon 

Structure 700 is fcttned by depositing an indifferent electrode material layer and an 
insulating lajrer 750 Oviriying insulating layer 740. A -via is then formed through layer 750 
and electrode material layer 710, bang an anisotropic eich process (e.g, reactive ion etching 
or ion Miing) ifcci that thfc via extends to and/or through a portion of layer 740. The via is 
then filled With ion doctor material and is suitably doped to form a solid solution as 
described herein Any excess ion conductor material is removed from the surface of layer 
750 and electrode 730 is formed, for example using a deposition and etch process. In this 
case, the indifferent electrode (cathode during write process) area in contact with ion 
conductor 730 is the surface arta of electrode 710 about the perimeter of conductor 730, 
rttbiir than me aitea uirferlym^ 

figures 9 and 10 illustrate a programmable device 900 having an indifferent 
electrode 9lO, anoridizahle electrode 920, an ion ctJnductor »0 and 
15 and 950 in adtOrdance with yet another embpd&nent of the invention. Structure 900 is 
similar to structure 700, except that Once a via is formed through layer 750, an isotropic etch 
process (e;g, chemical of plasriia) is employed to form the via through electrode 910, such 
that a sloped intersection between an ion conductor 930 and electrode 91 0 is fomied. 

Figures 11 and 12 illustrate another programmable device 1100, with a reduced 
50 eiectredefion cohductdr interface, in accordance whh the present indention. Structure 1100 
inthides electrodes 1110 and 1 120 and an ion conductor 1 130, formed on a surface of an 
insulating material 1140, rathef than within a via as discussed above, lb this case, the 
prognunmable structure is formed by defining an ion conductor 1 130 patter on a suiface of 
* ^ a1in 8i material 1140 (eg., using deposition and etch techniques) and formmg electrodes 
^J^m^^m-M^OS^ each contact a pottion of the ion c6nth)ctor. In the 
; ■ c^ bf ihe;m^^ are formed overiymg and in contact with 

b^apWioh bf^ Although the thickness of ' 

the layers may bevaried in accordance with Specific applications of the device, in a preferred 
embodiment of the invention, the tbiclfcess of me ion conductor ^ 
) 1 nm to about 100 mn. Sub-lhhOgraphic lateral dimensions of portions of the device may be 
obtained by overexposing photoresist used to pattern the portions and/or over etching the 
film layer. 
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figure 13 ii&sifMes a device 1300 m ac^rdaiiice with yet another eftbodmient of tlie 
iirveiiiidB. Structuie"iM^ 

the cross-sectidnai area of the ion conductor that is in contact with the electrodes is reduced 
by filing a portjotf of a via with notion conductor material, rather than etching through an 
electrode layer. 

Sfrnc^ feWfflcttdes decfrddes 1310 arid 1320 and an ion cdiducfor 1330 formed 
wrttin ^ in^latog layer 1340. in this case, ion conductor 1330 is formed by creating a 
trench within msulating Jayer 1340, the trench having a diameter indicated by JXL. The 
tfench is then filled using, for example, interference tonography techniques or conforrnalry 
fining the via With Elating material and using an anisotropic etch process to remove some 
of the insulating material, leaving a via with a diameter of D3. Structure 13CO formed using 
this technique may have a ion conductor cross sectional area as small as about lOnm in 
contact with electrodes 1310 and 1320. 

Figures 14-17 illustrate another embodiment of the invention, where the cross 
sectional area of the ion c6rJductoi/dectrode interface is relatively small. Structure 1400, 
. iihlstratdd in flgOre 14, inemdes electrodes 1410 and 1420 and an ion conductor 1430. 
Structure 1400 is fornoed in a manner similar to structure 700, except that the ion conductor 
material is deposited confbrmally, using, for example Chemical vapor deposition or physical 
vapor depositipn, into a trench, and the trench is not filled with the ion conductor material 

Structure 1500 is similar to structure 1400, except that an ion conductor 1530 is 
formed by etching a portion of ion conductor 1430, such that a via 1540 is formed through to 
electrode 1410. Structure 1600 is similar to structure 1500 and is formed by conforrnalry 
depositing the ion conductor material as described above and then removing the ion 
cdnductor material from a surface of insulating material 1450 prior to depositing electrode 
i4j» ; :^ be formed by selectively deposing the ion 

co^ctot ^binaieriaJI Mo only a fortiori of the trench formed in insulating material 1450 
(e.^ using angled deposition and/or shadowing techniques), removing any excess ion 
contactor material on the surface of insulator 1450, and forming an electrode 1720 
cherrying the insulator and in contact with ion conductor 1730. 

Figures 18 and 19 illustrate yet another embodiment of the invention, where a pillar 
or wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1800, illustrated in Figure 18, includes 
electrodes 1810and 1820 and anion conductor 1830 formed within an insulating layer 1840. 
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addition, stoctur* I8d0 i&lud« a pfflat 1850 of isolating material (eg., insulating 
inal^alusedtof(^%« liMO^folm^ Structure 1800 

'll^teftM^ihtffBUdcMtf deposHion technique discussed above. Structure 1900 is 
Smtihfr to sttuctuie 1800, except structure 1900 includes a partial pillar 1950 and an ion 
conductor 1 930, which fills the training portion of the formed trench. 
S figure 20 illustrates yet another structure 2000 in accordahce with the present 
invention. Structure 2000 includes electrodes 2010 and 2020 and an ion conductor 2030 
formed within ah inflating layer 2040. Structure 2000 is formed using an anisotropic or a 
combination of an anisotropic and an isotropic etch processes to form a tapered via. Ion 
;c6nauct6t2030iS^^ previously described. 

figures 21-24 illustrate pfogrammabte devices in accordance whh yet another 
embbdimett of the invention. The sttocturfes illustrated in figures 21-24 include a floating 
electrode, which allbws multiple bits of infonnation to be stored within a single 
programmable device. 

15 Stro<tore 2100 includes a first electrode 2110, a second, floating electrode 2120, a 

third electrode 2130, ion conductor portions 2140 and 2150, which may all be formed on a 
•^ul^tetwtolly WtM^tamd^kg^ milmM Ahhtnjghstmcture 
2100 is ilmstrated in a : VeitkJal configuration, the structure may be formed in a horizontal 
c^gnratibh, similar to Shuetttre 1 100. M accordance with one aspect of this embodiment, 
the first and third electrodes arbibrmed of ah indifferent electrode and the second electrode 
is formed of an oxidizable electrode material. AKerhatively, the first and third electrodes 
may be formed of cOridbsable electrode material and the second, Abating electrode may be 
formed of an indifferent electrode material. In either case, the structure includes two "half 
XSells," wbero each half fcefl fimctions as a programmable device described above in 
&2**m^Wt&M. I. ; &ch Mr *B kprefefably configured such that the resistance of 
• v ; fdtelatfeeD dhfers ^Wti&M& of the dme* hatf cefl when both cells are m ah erased 
'State. ' ' • • '•: 

In the case when floating electrode 2120 is formed of oxidizable electrode material, 
bits of data may be stbted as follows, the overall impedance of structure 2100 is 
approximately equal to the resistance of portions 2140 and 2150. When no eiectrodeposH is 
formed within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that elecUode 2130 is positive relative to 
electrode 21 1 0 and the applied bias is greater that the threshold voltage required to form an 
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electrodeposit in portion 2140, an electrodeposit 2160 will form through conductor portion 
2140 ftoin electrode 21 10 toward floating electrode 2120 as illustrated in Figure 22. Under 
tBis condition, an electrode^sit will not form within conductor portion 2150 because portion 
2150 is under a reverse bias condition and thus wifl not support growth of an electrodeposit 
the grbnvth of the electrodeposit will chan^ the impedance of portion 2140 from Z\ to Zj% 
thus cJiangmg the overall impedance of structure 2100, which may be represent by the state 
61. lie current level used to form electrodeposit 2160 shotild be selected such that it is 
suffirientry low, allowing the etectrodeposit to be dissolved upon application of a sufficient 
reverse bias. A third Stateinay be formed by reversing the polarity of the applied bias across 
electrodes 2110 and 2130, such that most of the voltage drop occurs acrfcss the high 
re^stahcfe ion conductor portion 2150 and formation of an electrodeposit 2170 begins, as 
iimstraied in figure 23, Without causing electrodeposit 2160 to dissolve. The impedance of 
portion 2150 changes from Z2 to Z*\ and the overall impedance of structure 2100 is Z{ phis 
^wmchmybbfepTe^edbyih&sisie 11. Once both half cells are in the write state, 
electrodepttnt 2160 and/or 2170 may be dissolved by applying a sufficient bias across one or 
both of the half cells. E^otleposh 2170 can be erased, for example, by sufficiently 
negatively biasing electrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The four possible states, along with the current limit used to form the state, are 
represented in table 1 beloU 
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Structure 2100 can be changed to 1 1 from state 10 by applying a low current limit 
25 bias to gnnv dec^eposk 2150in portion 2140. Similarly, structure2i00 can be changed 
from state 11 to state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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tetfelty' dissbke dbctrod^k»at 2160, using a eamA which is high enough to cattse 
iocaHzea beating df the eiedft*$oi& This wfll increase the metal cojiceiniimon in the 
halfccell but this excess metal can be removed electrically from the cell by plating it back 
onto Re floating electrtxfe TMs segoence is summarized in table 2 below. 
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Otfcer Me and erase sexpentfes are also possible (as are other definitions of the 
various states repre^ed by the haJf-cefi Mpedances). For example, H is possible to go 
from state 00 to either state 01 or state 10, depending on the write polarity chosen. 
SMarty, His possible to go from state 1 1 to either state 10 or state 01. It is also possible to 
go from state 1 1 to state 00 by the application of a current pulse (in either direction) which is 
high and short enough to thermally dissolve the electrodepbsits in both half-cells 
simultaneously. 

In addition to storing iiiforination in digital form, structure 2100 can also be used as a 
noisevtolerant, low energy anti-fuse element for use in field prograinmable gate arrays 
(FP GAs) and field configurable circuits and systems. Most physical anti-fuse technologies 
re^la^feto ^ ^ for 

enei^ stoe^ & generate cbnade^ed to be sOinewhat ^ beneficial as this 

: *^lfrik«^ ^^ah*fbse acd 

sitn^ons. However, the use of high voltages and large currents on chip represent a 
siginficant problem as all coinponents in the jm>gramining circuits are typically sized 
accordingly the high energy consumption reduces battery life in portable systems. 

Figures 25-29 illustrate structures in accordance with another embodiment of the 
invention in which multiple programmable devices include a common electrode (e.g., the 
devices share a common anode or cathode. Forming structures in which multiple structures 



24 



10 



share a common dectrodois advaailagcoos because stich stiuctares allow a higher density of 
cells to be formed On a gh^ siibgtrate suifece area. 

Kgutes 25 SDd 26 fflnstrab a structure 2500, having a horizontal configuration and a 
comm>n dectrdde. Stoctore 2500 includes an dettrical connector 2510 coupled to a 
cointioon surface dectrotle 2520, electrode 1530 and 2540, and ion conductor portions 2550 
and25&c^rj^ Stinc^25^ jnay be bse^ to form word and 

bit lines as described above by forming a row of electrodes (e.g., anodes) coupled to 
conifafctbr 2510, and cfchhims of oppositely bias electrodes cathodes) running 
perpendicular to decfrodes 2520. A conductive plug, formed of any suitably conducting 
material can be used, to de^ncaDy couple electrode 2520 to conductor 2510* Although 
liberated with a horizontal cohfiguratioii, coinmoii electrode structures in accordance with 
this embotoent may be form^ 
herein. 

Figures 27 and 28 illustrate additional structures 2700 and 2800 having a common 
15 electrode shard between Wo or more devices Structures 2700 and 2800 include a common 
electrode, electrodes* 2726 and 2725, ion conductors 2730,2735 and 2830, 2835 respectively, 
and insulating layers! 2740 and 2750, Structures 2700 and 2800 may be formed using 
te^httiques described above in connection with figures 15 and 16— e.g., by informally 
dejfositmg ionc^ In accordance with 

20 another embodiment of the invention, directional deposition may be used to form a structure 
similar to structure 1700. Structures 2700 and 2800 each include two |m>grammable devices 
mcmding common electrode 2710 an ion conductor (e.&, conductor 2735) and another 
electrode (e.^, dectrode 2725> Dielectric material 2750 is an msulating material that does 
.not interfere with surface electrbdeposit growth, such as silicon oxides, silicon nitrides, and 

figure 29 illustr^ 

2916 formed about a common dectrode 2920. Each of the devices 2902-2916 may be 
formed using the method described above in connection with Figure 2L ha me embodiment 
illustrated in Figure 29, each of dectrodes 2930-2936 and 293S-2944 may be coupled 
together in a direction perpendicular to the direction of common dectrode 2920, such that 
dectrode 2920 forms a bit line and dectrodes 2930^2936 and dectrodes 2938-2944 form 
word lines. Structure 2900 may operate and be programmed in a manner similar to structure 
2100 described above. 
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hrvennon, a prbgrbimiabie 

iSmchl^ ar device stores mio^<* by storing a charge as opposed to grdwmg an 
dectrodepcsk A c%*aatanee of a stroctore or device is altered by applying* bias across 
electrodes tof the device such that positively changed k>*6 triigr&te toward one of the 
electrodes. If the" applied bias is less that a write threshold voltage, rio short will form 
between the electrode* C^acitance of the s&Stanre changes as a result of the ion fiSgratioa 
Vften the applied bias b removed, the metal ions tend to cfiftbse away jfarn the electrode or 
a barrier pttxifoate the electrode. However, an interface between an ion conductor and a 
bamerisgeiaerallyitt Thus, at least a 

jpfcrtfeh of ioite reniaid at or prrahnate ah interfile between a barrio and an ion conductor, 
tfavfritev^ 

A plogranlniabfe sbTicture in accordance with the present invention may be lised in 
many applications which would otherwise utilize traditional technologies such as EEPROM, 
FLASH or DRAM Advantages provided by the present invention over present memory 

15 technidnes include, anibtig other things, fewer production cost and the ability to use flexible 
fabricatimi techniques which arte easily adaptable to a variety of ^plications. The 
proferainmabte stroctiifes of the present hivention are especially aoVantageous in applications 
v^e cost is the primal con ^ 
an ability to foriiii the memory directly on a plastic card is a major advantage in these 

20 applications as this is generally not possible with other forms of semiconductcr memories. 

Further, in accordance With the programmable structures of the present invention, 
memory elements to^ 

of the device being less than cm micrtfn. this provides a sigmficant advantage over 
traditional senti^ 

Add%olnally, (he devices of the jpresefct invention redrure relatively low energy and 
do not require ^efteshmg." Thus; the devices are well suitable for portable device 
applicationsi 

Although the present invention is set forth herein in the context of the appended 
) drawing figures, it should be appreciated that the invention is not limited to the specific form 
shown. For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
6f the present invention may suitably be employed as programmable active or passive 
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Trfthm a imcrode^oinic enrol FmihetiD^, although onrylsbme of the devices are 
illtotoited as ihctoding buffer, barrier, or transistor components, any of 'these components 
may. be added to the devices of the present invention Various otter modifications, 

5 fo^ifcrei^ may. te 

IcJaims. 
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• r^l CLAIMS ' • /^>-- ^ 

We claim: 

L A ^#6elecb*ri^^ 

indhfeent dectxode ^jpQftpdmatetlieioBcoiMtoct&r, 

I fr buffer layer between Hie aridfeable electrode and the ion conductor. 

1 The imCToeleettoiric progrrinrnable structure of claim 2, wierein the buffer 
layer coinplisei a material selected from the group consisting of AfcO, A&S, Ag^e, Agje, 
^herex^^AgA^herey^ 1, Cufe, CuO, CiiS, CoSe, Cote, GeO* and Sf>* 

is 

4. The microelectronic prograrnmable structure of claim 1, wherein the 
^different electrode <^ii$riseS pktmonl 

5. The ^ irncfoelectronic programmabic structure of claim 1, wherein the 
2b 6* (fizable electrode cornpfiires a material selected from the group consisting of a trai>sitk>n 

metal sulfide and a transition metal selenide. 
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6. The inicroelectronic programmable structure of claim 5, wherein the 
;6xidi2abl6 electrode further emprises intercalated silver, 

7; tfci ^c^ectrbnic progranimable strucmte of claim 5, wherein the 
oxidizable electrode comprises TaS^ 

t The nMCroelectrbnic prbgrammable structure of claim ], wherein the 



9, The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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1&. the micrftelettfonic programmable structure of claim X wherein the ion • 
conductor comprises a s£lid solution selected from the group consisting of ASgSi-rAg, 
O^Sei^Afe Ge^-Ag^ A^Sj^Cu, Ge^ej^Cu, Ge^i-Co, where x ranges from about 
0.1 to about 03. 

11. The n^croeJectronic programmable structure of claim 10, wherein the ion 
conductor comprises a filler material 

12. Hie rmcroelectrdiiic programmable structure of claim 1 1, wherein the filler 
material comprises a dielectric and is present in the idn conductor at a Volume percent of up 
to atout 50 percent 

1 3. The microelectronic programmable structure of claim 1 1, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a volum e percent of Up 
to abcJut 5 percent 

14. the microelectronic programmable structure of claim 11, wherein the filler 
material comprises silver. 

15. The microeJectronic programmable structure of claim 1, wherein the ion 
conductor comprises a glass having a composition of Ge^Set^ to GecujSeaTs. 

16. The mrc^oelecfrtmic pirogrammatte structure of claim 15, wherein the ion 
tf>huSicW 

17. The mieroelectronic programmable structure of claim 1, further comprising a 
transistor in contact with one of the oxidizable or the indifferent electrodes. 

1 8. The microelectronic programmable structure of claim 1> further comprising a 
diode in cdntact with one of the oxidizable or the indifferent electrodes. 
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19. the Aacrbefectronic itfograttuftable stinctare of claim 1, wherein the ion 
confticWisfdr^ 

20. The jnidrDeleclionic programmable structure of claim 19, further comprising 
a diode formed within the via 

21. The rniaoelectronic programmable structure df claim 19, wherein the ion 
conductor contacts the ^different electrode about a portion of tie perimeter of the io» 
conductor. 

22. The microelectronic programmable stiiacrure of claim 21, wherein the ion 
conohictOr contacts the inctifferent electrode about a sloped portion of the perimeter of the ion 
conductor. 

23. The rnicroele^onic programmable structure Of claim 1, wherein the 
mdifTerent electrode, the oxidizable electrode, and tne ion Conductor are formed on a surface 
of an insulating material layer. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a via of a first insulating material layer, and wherein the 
projgrammable structure further comprises a second insulating materia] formed within the 
via. 

25. Tne microelec^onic programmable structure of claim L wherein the ion 

-. 

ccasductor is formed along a sideWall Of a via formed Within an heating layer, 

26. the microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

2i. the microelectronic jirogrammabie structure of claim 1, further comprising a 
barrier layer between the indifferent electrode and the ion conductor. 
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28. the mioroelecfiroiuc programmable isbtjctisref of claim 27, wherdii the barrier 
layer COmiJrises a conductive material. 

29. the nnttoelectronic programmable structure of claim 27, wherein the barrier 
layer comprises an insulating material 

30. The microelectronic progiBmmable structure of claim i, wherein surface area 
bf the m^rfTerexit electrode in contact with the ion conductor is less than the surface area of 
the oxidizable dectrode in contact with the ion conduct or. 

31. The microelectronic programmable structure of claim 1, wherein an interface 
between the m&frerent electrode and the ion conductor is roughened. 

32. Aniute^Uprograrn^ ' 
a first electrode of a first type; 

a second electrode of a second type; 

a list ion conductive material of a first resistance interposed between the first 
electrode and the second electrode; 

a third electrode of a first type; and 

a second ion conductive material of a second resistance interposed between 
the settmd electrode and the third electrode 

33. The mute-ceil progtiammable microdectronic device of claim 32, wherein the 
Inst and third eJeetfodes comprise an iiiditferent electrode material and the second electrbde 
cbnlj^ 

34; The multi-cell programmable nncToeJectromc device Of claihi 3% wherein the 
first and third electrodes comprise an oxidizable electrode material and the second electrode 
comprises an mdifterent electrode material 

35. A multi-cell programmable microelectronic device comprising: 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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a phiiility of k>n conductor structures, wherein at least one of the plurality of 
itas conductor structures is interposed between one of the plurality of electrodes of a first 
tj^e arid one of the plurality of el ecu-c^es o 

wherein a plurality of electrodes of a first type are electrically coupled 

5 



36. The rnxdti-cell f*ogrammable microelectronic device of claim 35- wherein the 
plurality of electrodes of a first type comprise oxitfizabie electrode material. 

10 37 - ^enrohvcellprogranmiablerm 

plurality of electrodes 6f a first.t^ 

38. The rmtoi-ceil prograrnmable rnicroelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 
15 insulating material layer. 

35>. The mufti-cell prognunmable rnicroelectronic device of claim 35, Wherein at 
least a portion of the plurality of ion conductor structures are formed on a surface, of an 
insulating material layer, 

20 

40. A method of forming a programmable microelectronic stracture, the method 
comprising the steps of. 



forming alayer of electrode material of a rkst type overiying the substra 
25 forming an insula^ layer o^^ 

■ pi*; '* [-. ' ? 

fdrmmg a via through the msulating layer and the layer of electrode material 

of a first tyjre; 

depositing ion conductor material into the via; and 
30 forming an electrode of a second type overlying the ion conductor material 

41. The method of claim 40, wherein the step of forming a via includes 
isOrropically etching the insulating layer. 
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42. The method of claim 40, wherein the step of forming a via incudes 



' S 43 " " >dtbbd 6f chha 40 ' * h<arein Ac 6f fonnin B a via includes 

i&fciopicaily etciring tfiie layer of electrode material of a first type. 



44. Thfe method of claim 40, wherein the step of forming a via includes 
anisotropicaily etching the bye* of electrode material of a first type. 

45. The mettort of clato 40, fufmer^ 

. the etedrotfe material of the first type and the electrode material of the second type to 
: manipulate a Concentration of conductive material in the ion conductor. 

15 46. Thfenietl^6fdaim4D,nuthercx>nipris^ 

the. aectfode material of the first type and the electrode material of the second type to 
niififi^jttean amount of Conductive material present in one of the electrode material of the 
: first type and the electrode material of the second type. 
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41. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanhim with 
IfeSe. 

: " 4*:. The method of claim 40, wherein the step Of depositing ion conductor 
^^^^s^dep<mng^s^e Onto fctt^»idwacti<fttte.ai^t»tol^Sei 

49. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanium With 

m. 

50. the method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with H*S. 



33 



51. A Method of forming a prograinmablfe imc^lectrbiiic device, tie method 



foMitig an ion c6n(hjctor ^ctuire oveilying a substrate; 

depositing an electrode material layer overlying the ion conductor structure; 

'.-jjfMiSattgiht electrode material layer to form electrodes in contact with the 
. ionconduct^^ 

v.-- :* incthod of claim 51, wherein the step of forming an ion conductor 

10 ^cturVfcm^^ 
IfeSeV 

53. A method of terrning an electronic device, the method comprising the steps 

of: 

J 5 forming a first electrode on a surface of a substrate; 

depo^ 

forrnirig a via in the ib^ insulating layer; 
depositing a second insulating material within a portion of the via; 
depositing ion conductor material within a portion of the via; and 
20 fofrning a second electrode overtymg the icoi conductor. 

54. tne method of formmg an elecUonic device of claim 53, w^ 
defeating ion cononcto 

wn^aviaior^ 

; v: v rniihod 6t forrning an electrbnip device of claim 5S, wherein the step of 

dejk&t^ 

56. The method of forming an electronic device of claim 53, wherein the step of 
30 depositing anion con^ictor material comprises forming a cohformal layer of ion conductor 
material 
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St. The inethod of forming an electronic device of claim 53, further comprising 
ihV step of remitting a portion of the ion conductor material from a surface of the first 
ingn^erial 



St. A Method of forming a mnlti-ceO programmabJe device, the method 
foriningainirte^ 

forming a fir& ion conductor portion overlymg the to 

forming a setimd electrode overly 

fbrnSmgasec^dio^^ 

ibrmmg a third electrode overrymg th^ 



59. A method of forming a glass composition, the method comprising the steps 

6t 

selecting all ampoule; 

deanih& the an^ule using hydrofluoric acid; 

drying the ampoule for about 24 to about 120 hours at about 120 °C; 

evacuating the ampoule; 

heating the ampoule until the ampoule turns red; 

filling the ampoule with a charge; 

ftirfg the ampoule to a temperature below the melting temperature of the 



ramming the temperature at a rate of about 0.5 degrees per minute to 
tmp&aixe about 50 *C higher than the Kijuidus tenmemture of the glass; and 
: : y ;,■ **** ^A»*mgrthe glas> cb&j^bn at a rate of about 20 per minute for 



35 



1/13 



100 



I 

V 



112 



165 



160 



120 




2Z2Z 



.155 



150 



130 



I 

K 



V1 10 



i -:; : f' 



■ . . ^ , • ■ • • iy 



FCT/13S01/28266 



2/13 



112 



165 

H 



120 



^140 




200 



130- 



Vuo 




: ; % WO 0^21542 



.1^/0801/28266 



5/13 



Bit 



400 1 



[ 2) 



f-470 



•510 



1 WORD 



520 



f 



! 2-: 



PMC 
ELEMENT 



! . 



! I? 



FIGS 



BIT 



,. PMC . 
ELEMENT 



610 



5 

T 



-615 



WORD 



620 



i i 



FIG.6 



WO 02/21542 



.... ..-. : ;. : -v. .. 



Kt/w§oj/2«2(56 



9/13 




FIG.13 




FK3.14 




FIG.16 



11/13 




FIG.20 




'Sh 2,4<) 2166 



5 

OH 

f 16.21 




*-2t70 



01 It to 

FIG.22 FIG.23 FIG.24 



! !■ 



j 




FIG.25 



2530 2540 




FIG.26 



VCTft}Sbi/2S266 




'itit^apaim^ Search report 



Iitferaarioral application No. 



A* . CLASSIFICATION OF SUBJECT MATTER " — 

DCC{7) : H&1C7/06 

us cl : : &to&&t i&tsi; tens* 5pi/4& 

Acctrnfegfrifii ^^ 



Doeumeriatibn searched otto than 



&ec^ data grafted daring the interna*^ search (name of data late and, where praakabte, scarto terms used) 



Catefepfr' 



X 
X 
X 
X 
A 



Cftatjpp of dbcttriatat, wim fodScatM^ where appropriate, of the rcirram passages 



US 6,084,796 A (KOZJCK1 el al) 04 July 2000 (04.07.200(9, cot 2, lines 30-50; col. 3, 
Bats 25-46; cob. 5-6; est 9; cob. 10» line 60 - cot 11, Hoe 6; and Figs. 5D, 6B. 
US 5,846^& A (HAAKON el aJ) 08 December 1998 (08. 12.199$), col. 4, lines 3-15 and 
cot 5, fines 1-31. 

OS 5315,131 A aOSllIMOTOc* al)24 May 15^4 a4.05.19>T>» col. 3, fines 126; cot 5, 
fines 1-47; and Kgs. UX 

MS 4,419,421 A (WlOItLHAUS et *Q 06 December 1983 (06.12.1983), Kg. 2. 
tlS 4,4^57 A{6buifeEKG.rt al) 12 February 15*5 (12.C2J9B5), whole dbrtment. 



□ 



former dpfamttniarfelto^tofliP coninuiauaj of Box C Q See patent fcmity annex. 



ReJcvanf to claim No. 



1-19,21-46,51-58 
59 

1-3,11,12,17,183.27- 
293135-3739,51 
13 

1-58 



* Sjp&fel a*£*kji of cfiia! 

. Wfatdfe&W lumber , 



pSOK^B CT BKfSJ Until/By IBS 

dBttte ^ggj > ? c^te*»**wd to bfoht » tcrtttbe top 
wfcto Ac do£99QKJbl )k ultd> **TT 



-r dpfiwfirii paWatd pifct Vhfc fin nailmul Btt% Art bet bter tea the' 
pricriij date cbbttl 



bd» t obyto« l o. r c«» S )ulJ«)fa, I lrirt 



Date of the actual completion of the international search 
07 November 2001 (07.1 1 .2001) 



Name and mailing address of the ISA/US 



BmKTT . . 
Facsimile No. (703) 305-3230 



Form PCT/1SA/210 (second sheet) (July 1998) 



Date of 



^ioEciir^ 



Authorized officer '~~ " 
KARLEASTBOM 



INl^AIN^AL SfcARCH REPORT 



Bo* I Obstrynihos wberc ctrtain dam^r Trtire foapd imseartte&fe (Confiniiaiion of Iteri 1 of first 5^) 
btetoc thicy r^te 6> srf^ maff» nor rcqoirttl to be searched by tl»s Aalhority, rtatoclyr 



Z £3 OaWrJoL:. 

fccaasfe m rtfafc topart* of ||& lnifenibifei»i a^4katfbn ^ do bdi cwi^S^^ Ascribed rahiiremettts t. 



3, Q Oartofloi; 

fcec^tkey^depri^^ 



Box ft Ofeenritiofcs *here ditfty of tetefaftwi fe fcriiDfe (ContmuatJon of Item 1 of first sheet) 



Kease See Gritiriuatfcn S" * 



1. Asattrrij^a&i^ 
seajctobtedaitta. 

payifeeorof^adb^ri^ 

coW bbtyrtbSe danfc for which tees *ere pfiWI, sptc&kaitycbiitoNos.: 



O r^ retired aA^^ Coosttjp&dy,; this iWbalkwjal seani rqK>rt b 

restricted to the invention firs! mtitficiDed in the claiim; k » 

Remark on Protest [~j The additional search fees #ere accompanied by the applicants protest. 

No protest accompanied the payment of additional search fees. 



Form PCT/ISA/2 JO (contmuatkm of first sheet(l)) (July 1998) 



?™*P t cbbw 1-31, driwn to a mwfcejectnmic pn^annnabfe stfe^ rtndoctik material, and raidfeafafe ant 

rtJtofTettDt etedjodei 

Gn*totft.clani&^^ 

materia^ j>aite^ele^^ Mt » WUi « w — »» 

Group IV, claims 53-57, drawn to' a meihtKi of for ming aa electronic fevfce. 
Gro^ V, claim 59, to a to^^ 

ffcreaonsMetb^ GrotoV b dfetdtd to fotmmg a rfa» 

coxnj^c^ob; ^ IV « drawn to forming an ctoctrtmfc deyfce, Grotop til h draw to several inetfiods of fonning prc^rammabte 
&rtictoT£, Ot>^> fl is dtrecie& to a nndtKcell pfogrammabte dcVjct&» and Group I is directed to EbKrbcJcctrooic progiam^inabte structure 
haVmfe an ooudnaMe and an todjfterat ctectrode, and an ton ettatoctor . 



Fbrro PCTflSA/210 (second sheet) (toty 1998) 



